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THE FORCES AND PRESSURE DISTRIBUTION AT SUBSONIC 
SPEEDS ON A CAMBERED AND TWISTED WING HAVING 
45° OF SWEEPBACK, AN ASPECT RATIO OF 3, 
AND A TAPER RATIO OF 0.5 А 


Ву Frederick W. Boltz апа Carl р. Kolbe 
SUMMARY 


An investigation was conducted to determine the effects of scale and 
compressibility on the forces, moments, and pressure distribution on a 
cambered and twisted wing having an aspect ratio of 3.0 and а taper ratio 
of 0.5. The line joining the quarter-chord points of the airfoil sections 
was swept back 45° and the airfoil sections perpendicular to this line 
were the NACA 64A410. The wing had 5° of washout between the root and 
the tip. 


Lift, drag, and pitching-moment data and the chordwise distribution 
of static pressure at seven spanwise stations are presented for Reynolds 
пипрегв up to 18,000,000 at a constant Mach number of 0.25; for Reynolds 
numbers up to 8,000,000 at a constant Mach number of 0.60; and for Mach 
numbers ranging from 0.08 to 0.96 at a constant Reynolds mumber 
of 4,000,000. Force and moment data with surface roughness applied to 
the wing also sre presented for Mech numbers ranging from 0.25 to 0.93 
at a Reynolds number of 4,000,000. 


In order to determine the effects of camber and twist, the force, 
moment, and pressure data are compared with the data for sn uncambered 
and untwisted wing of the same plan form. It is shown that the general 
effect of camber and twist was to delay to higher lift coefficients the 
onset of flow separation near the leading edge over the outer sections 
and the concomitant effects on the lift, drag, and pitching moment. The 
principal result was a substantial increase in the lift-drag ratios at 
and above the design lift coefficient of the cambered and twisted wing 


at a Reynolds number of 4,000,000. 
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The general effect of increasing Reynolds number on the cambered 
and twisted wing at Mach numbers of 0.25 and 0.60 was to increase slightly 
the lift coefficient at which sudden increases in lift-curve slope, longi- 
tudinal stability, and rate-of-drag rise occurred. At a Mach number 
of 0.25 the maximum values of section normal-force coefficient for both 
wings increased approximately the same amount with Reynolds number. 


Increasing the Mach number at low lift coefficients resulted in 
approximately the same increases in lift-curve slope and longitudinal 
stability for both wings. The Mach numbers for drag divergence were 
Slightly reduced by camber and twist at 11Ғ% coefficients up to 0.5. 


For the cambered and twisted wing, increasing the Mach number at 
а Reynolds number of 4,000,000 had the effect of producing a more marked 
reduction in lift-curve slope and longitudinal stability (prior to the 
onset of leading-edge flow separation) until abrupt changes of slope 
appeared in the force and moment curves at Mach numbers of 0.88 and 
above. А consistent correlation was noted between the appearance of the 
leading-edge pressure peaks at the various sections and the abrupt 
changes of slope of the section normal-force and section pitching-moment 
curves. The use of surface roughness along the leading edge was found 
to be effective in eliminating the abrupt change of slope of the lift, 
drag, and pitching-moment curves at the higher Mach numbers. 


INTRODUCTION 


The use of camber and twist as a means of improving the aerodynamic 
characteristics of swept-back wings with moderately thin airfoil sections 
hes received considerable attention. While some force and pressure data 
Бате been obtained showing the effects of camber and twist on the аего- 
dynamic characteristics of swept-back wings at low speeds (e.g., refer- 
ences 1 and 2), the available pressure data at high subsonic Mach 
numbers are rather limited, particularly for swept-back wings of low 
aspect ratio. 


The results of pressure-distribution and force tests of an uneam- 
Бегей and untwisted wing having the quarter-chord line swept back 45°, 
an aspect ratio of 3.0, and a taper ratio of 0.5 have been reported in 
reference 3. The results of similar tests of a cambered and twisted 
wing having the same plan form are presented herein. Both wings were 
tested in the Ames 12-foot pressure wind tunnel over wide ranges of 
Reynolds numbers and subsonic Mach numbers. The complete pressure- 
distribution data are presented in tabular form. Portions of the data 
from reference 3 have been included in the present report for purposes 
of comparison. 
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NOTATION 


t ratio ( P= 
aspect racio 25 


speed of sound in free stream, feet per second 


semispan, measured perpendicular to plane of symmetry, feet 
drag coefficient ©) 


drag coefficient at zero lift -- at Ж” lift 
| а 


tare-drag coefficient шеш 
do 


Lift coefficient (22) 
2 doS 


pitching-moment coefficient about the quarter point of the wing 
mean aerodynamic chord ( itching да шелегі.) 


e 
normal-force coefficient Gf спе ay) 


local wing chord parallel to plane of symmetry, feet 


average wing chord parallel to plane of symmetry, feet 


section 1126 coefficient Е 
асс 


section pitehing-moment coefficient about the quarter 
chord Len (0.25-c.p.)] 


с 
section normal-force coefficient E [4 (P τ-Ῥω)ᾶς | 
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al 


ον 
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5 сРау 
Го сря » feet (using theoretical 
е dy 


О 


wing mean aerodynamic chord ( 


tip chord) 
section center of pressure, fraction of с Е 


ratio of lift to drag 


free-stream Mach number ( Б 





local pressure coefficient (Е) 


pressure coefficient on lower surface 

pressure coefficient on upper surface 

Local static pressure, pounds per square foot 

free-stream static pressure, pounds per square foot 

free-stream dynamic pressure 4 5 рото“ ), pounds per square foot 


Reynolds mmber (20722 ) 


semispan Wing area, square feet (using theoretical tip chord) 
free-stream velocity, feet per second й 
shordwine distans than the dedine caus. feet 

lateral distance perpendicular to the plane of symmetry , feet 
angle of attack, degrees | 


angle of attack uncorrected for tunnel-wall interference and 
angle-of-attack counter correction, degrees 


angle of twist with respect to root chord (positive for washin), 
degrees 


fraction of semispan FA 
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но coefficient of viscosity of air, slugs per foot-second 


Dy free-stream mass density of air, slugs per cubic foot 
DESIGN CONSIDERATIONS 


The projected plan form, shown in figure 1, and the chordwise thick- 
ness distribution of the.subject model are the same as those of the 
plane (uncambered and untwisted) wing of reference 3. The distributions 
of camber and twist were selected primarily from the standpoint of 
obtaining improvements in the aerodynamic efficiencies throughout the 
subsonic speed range. 


An analysis of the available high-speed section data for 10-percent- 
thick NACA 6hA-series airfoils (reference Ж) indicated that the selection 
of a section-design lift coefficient of about 0.4 represented a good 
compromise for obtaining high lift-drag ratios at the higher Mach numbers 
and high maximum lift at low subsonic speeds without an excessive reduc- 
tion in the Mach number for drag divergence. Ав а result of this anali- 
ysis, the section normal to the quarter-chord line of the sections, 
which was swept back 45°, was chosen to be the NACA 644410. In ассога- 
ence with the concepts of simple sweep theory the wing-design lift 
coefficient would then be 0.2. 


The selection of the spanwise distribution of twist was based upon 
considerations of simplicity in construction and the desirability of 
achieving а nearly elliptical distribution of span loading at moderate 
lift coefficients. The total twist was chosen to be 5° of weshout with 
the distribution of twist one in which straight lines joined constant- 
percent-chord points of the root апа tip chords. A comparison is shown 
in figure 2 of this distribution of twist with the theoretical distribu- 
tion of twist for elliptical span loading at а wing lift coefficient 
of 0.4, as computed by the method of reference 5. In the middle part 
of this figure it is shown that, at a wing lift coefficient of 0.4, the 
theoretical span load distribution of the wing twisted for linear elements 
deviates only slightly from an elliptical loading. The lowér part of 
figure 2 indicates that, at a wing lift coefficient of 1.0, the spanwise 
distribution of section lift for the wing twisted for linear elements is 
approximately halfway between that for the plane wing and that for а wing 
with elliptical loading at a lift coefficient of 1.0. Although the 
reductions in the section lift coefficients on the outer portion of the 
wing due to twist are theoretically not large, it was thought that Ше, 
combination of camber and twist would result in a delay in the tip stall 
and а significant improvement in the lift-drag ratios. 
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MODEL AND APPARATUS 


The semispan model wing used in this investigation had the leading 
edge swept back 48.540, an aspect ratio of 3.0, and a taper ratio of 0.5. 
These geometric parameters are based upon the plan form projected onto 
the plane of the leading edge and the root chord line ав shown in fig- 
ure 1. Twist was introduced into the wing by rotating the sections 
about the leading edge and maintaining а straight trailing edge. The 
resulting distribution of twist along the semispan with 5° of washout 
of the tip chord is shown in figure 2. The sections in planes 
inclined #50 to the plane of symmetry were the NACA 64A410, а = 0.8 
(modified as shown in reference 6). The locus of the quarter points of 
these sections was swept back 45°. The wing was profiled using linear 
spanwise elements along constant-percent-chord points of the local true 
chords. Coordinates of the NACA 644410 section and of the sections 
parallel to the plane of symmetry are presented in tables I and II, 
respectively. 


The model was constructed of a tin-bismuth alloy bonded to a solid 
steel spar. Pressure orifices were installed in seven rows parallel to 
the plane of symmetry as shown in figure 1. The orifices were distrib- 
uted slong the chord on both the upper and lower surfaces from the lead- 
ing edge to the 95-percent chord point and were staggered one-quarter inch 
on either side of the station planes. The locations of the orifices along 
the chord at each station sre given with tabulated pressure-coefficient 
data (tables III through XXII). 


The model is shown mounted in the wind-tunnel test section in 
figure 3(a) with the test-section floor serving as a reflection plane. 
Тһе turntable upon which the model was mounted was connected to the 
balance system. Pressures were measured by means of multiple-tube шапош- 
eters and were recorded photographically. 


In order to determine the onset and extent of supersonic flow along 
the tunnel wall opposite the upper surface of the model, the pressures 
were measured at 26 flush orifices in the wind-tunnel test section. The 
location of these orifices with respect to the model is shown in ref- 
erence 3. 


The model was tested with surface roughness as well ав with a 
smooth surface. Three configurations of roughness created by a light 
sprinkling of mmber 60 grain carborundum onto a bonding agent were 
-investigsted. The density of particles in all configurations was sim- 
ilar to that shown in figure 3(b). Two of the configurations had rough- 
ness around the leading edge from 5 percent of the chord on the lower 
surface to h percent of the chord on the upper surface. Ти one case the 
roughness extended along the entire leading edge, while in the other the 
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roughness extended along only the outer 60 percent of the semispan. 
The third configuration had а l-inch-wide roughness strip on the upper 
surface only, with the forward edge at 10 percent of the chord, and 
extending over the outer 60 percent of the semispan. 


TESTS 


The chordwise distributions of pressure at seven spanwise stations 
on the wing were measured simultaneously with the total lift, drag, and 
pitching moment at Reynolds numbers of 4,000,000, 6,000,000, 8,000,000, 
12,000,000, and 18,000,000 for a Mach number of 0.25. Similer measure- 
ments were made at Reynolds numbers of 4,000,000, 6,000,000, 
and 8,000,000 for & Mach number of 0.60 and at a Reynolds number 
of 4,000,000 for Mach numbers from 0.08 to 0.96. Тһе angle-of-attack 
range was varied from -2 to 30° during the low-speed tests, but this 
range was reduced at the higher Mach numbers where wind-tunnel power 
limitations prevented testing at the higher angles of attack. Ata 
Reynolds number of 18,000,000, the capacity of the manometers limited 
the measurements to an angle of attack of 169. 


To determine the influence of surface roughness, Lift, drag, and 
pitching-moment data were obtained with roughness applied separately at 
three different areas on the wing for Mach numbers from 0.25 to 0.92 at 
a Reynolds number of 4,000,000. Data were also obtained for one con- 
figuration of surface roughness st а Mach number of 0.93. 


CORRECTIONS TO DATA 


Corrections to the data for tunnei-wall interference resulting from 
lift on the model were evaluated by the method of reference T using the 
theoretical span loading derived from the charts of reference 5. The 
following increments were added to the angie of attack and drag coeffi- 
cient: 


Δα 


АСр 
No corrections were applied to the pitching-moment data. 


0.597 Cry, 
0.0087 GT= 


The pressure coefficients and the section coefficients derived 
therefrom аге presented in this report for values of uncorrected angle 
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of attack αι. The relation between the corrected and uncorrected 4 
angles of attack is ав follows: 
а = 0.99 au + Δα | ии 
The constant 0.99 is the ratio between the geometric angle of attack and 
the uncorrected reading of the angle-of-attack counter. 
Corrections for the effects of constriction were evaluated by the 
method of reference 8. This method, while not accounting for sweepback 
and being strictly applicable only to full-span models centrally located | 
їп the tunnel, has been used ав the best available estimate of the con- -一 
striction effects. The magnitude of the corrections applied to the i 
free-stream Mach number and to the dynamic pressure is illustrated in 
the following table: 
Corrected Uncorrected Corrected до 
Mach number Mach number Uncorrected do 
0.08 0.080 1.001 
„25 „250 1.002 ОЕ: 
.60 «599 1.003 n 
«80 797 1.005 E 
«90 .891 1.010 2 mW — 
. 92 „909 1.012 E 
„9% «925 1.016 
„96 „980 1.021 p 
The following corrections were subtracted from the drag coefficients 
to compensate for the forces on the exposed surface of the turntable: 
B x11078 № Ср 
4.0 0.08 0.0030 ае 
| «25 = 0030 
.60 0030 
250 .0034 
«90 . 0040 
| 92 „0042 
| 9% „оо 
.96 .0047 
6.0 „25 „0032 Ке 
8.0 .08 .0028 
«25 0031 
.60 .0031 一 
12.0 ‚25 .0030 క్‌ 
18.0 «35 .0030 
ч 
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No attempt was made to evaluate the additional tares due to possible 
interference between the model and the turntable or to compensate for 
the tunnel-floor boundary layer which, at the model, had a displacement . 
thickness of ο inch. The magnitude of these effects is believed 
to be small. 


As in the case of the plane wing, it was assumed that the effects 
of seroelasticity on the aerodynamic characteristics of the model were 
negligible due to its high degree of structural rigidity. 


RESULTS AND DISCUSSION 


Inasmuch as the aerodynamic characteristics of the plane wing have 
been reported in reference 3, the present report is concerned primarily 
with an analysia of the data for the cambered and twisted wing. In 
order to evaluate the effects of camber and twist, however, portions of 
the force, moment, and pressure data for the Dane wing (as reported in 
reference 3) hase Вази included in mamy of the figures. The results are 
discussed. separately with regard to the ౯౯౯౯5 of Reynolds number, Mach 
number, and surface roughness. 


The surface pressures on the model, measured for almost the com- 
plete range of Mach numbers at selected angles of attack, are presented 
as pressure coefficients in tabular form. Table IIT is an index to 
these’ data which are presented in tables IV through XXII. A represent- 
ative portion of the pressure-distribution data has been presented 
graphically in the figures of this report to facilitate the analysis of 
the force and moment characteristics of the cambered and twisted wing. 


Effects of Reynolds Number at Mach Numbers of 0.25 and 0.60 


Force and moment characteristics.- The lift, drag, and pitching- 
moment characteristics of the cambered and twisted wing and of the plane 
wing are presented in figures 4 and 5 for various Reynolds numbers at 
constant Mach numbers of 0.25 and 0.60. The lift-drag ratios of the 
cambered and twisted wing are shown in comparison with those of the plane 
wing at Mach numbers of 0.25 and 0.60 in figure 6. The variations with 
the lift coefficient squared of the drag due to lift for both wings at 
these Mach numbers and of the theoretical induced drag coefficient for 
a wing of aspect ratio 3.0 are presented in figure T. | 


From figures 4 and 5 it is seen that at Mach numbers of 0.25 and 0.60 


the effects of Reynolds number on the cambered and twisted wing were sim- 
ilar to, although somewhat less than, those on the plane wing. ‘The 
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general effect of increasing Reynolds number was to increase slightly 
the lift coefficient at which the sudden increase in lift-curve slope, 
longitudinal stability, and.rate of drag rise occurred. The effect of 
camber and twist in delaying to higher lift coefficients the sudden 
changes in slope of the lift, drag, and pitching-moment curves was віш- 
ilar to the effect of increasing Reynolds number but of considerably 


greater magnitude. 


The lift-drag ratios shown in figure 6 indicate that the use of 
camber and twist resulted in а substantial increase in the maximum lift- 
drag ratio at Reynolds numbers of 4,000,000 and 6,000,000. However, the. 
maximum lift-drag ratio of the Cambered and twisted wing was reduced by 
increasing the Reynolds mmber above 6,000,000 in contrast to the trend 
shown for the plane wing. For both wings, the maximum lift-drag ratio 
occurred at about the design lift coefficient of the cambered and 
twisted wing. Although the maximum lift-drag ratios of the cambered 
and twisted wing were lower than those of the plane wing at Reynolds 
numbers of 12,000,000 and 18,000,000 for a Mach number of 0.25, the 
lift-drag ratios at 117% coefficients above about 0. 4 were higher. 


The drag-due-to-1lift _ data of. figure 1 ‘indicate ‘that, at Mach numbers 
of 0.25 and 0.60, the use of camber and twist resulted in a considerable 
increase in the lift coefficient at which the drag rise indicative of 
flow separation first occurred on the wing. | 


Pressure distribution and section characteristics.- The chordwise 
pressure distributions, which may be obtained from the tabulated pressure 
data in the present report and in reference 3, indicate a similarity in 
the type of flow separation over the cambered and twisted wing and over 
the plane wing. The increase in lift-curve slope and longitudinal sta- 
bility for both wings resulted from separation and reattachment of the 
flow near the leading edge of the outer sections. However, the effect 
of camber and twist was to increase considerably the lift coefficients 
at which leading-edge flow separation was initiated at the outer sections 
and to reduce the rangé of lift coefficients in which this separation 
spread to the inner sections. The effect of increasing Reynolds number 
was to delay to higher lift coefficients the onset of leading-edge flow 
separation for both wings. As an illustration of this effect, the 
chordwise preasure distributions at three spanwise stations of the cam- 
bered and twisted wing are presented for Reynolds numbers of 4,000,000 
and 12,000,000 in figure 8. А similar effect of Reynolds number. was 
noted for the plane wing in reference 3. Although there is some indica- 
tion from the pressure data that vortex flow (as described in reference 9) 
existed on the plane wing, there is less evidence of this type of flow 
in the pressure data for the cambered and twisted wing. 


The section normal-force and section pitching-moment characteristics 
at seven spanwise stations of the cambered and twisted wing are presented 
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in figures 9 and 10 for Reynolds numbers of 4,000,000 and 12,000,000 at 
а Mach number of 0.25, and for Reynolds numbers of № ,000,000 

and 8,000,000 at а Mach number of 0.60. A comparison of these data 
with the corresponding data for the plane wing reveals а marked similar- 
ity in the section normal-force curves of the two wings as well ав in 
the effects of increasing Reynolds number thereon. At a Reynolds number 
of 4,000,000 and а Mech number of 0.25, the maximum values of section 
normal-force coefficient at the outer spanwise stations of the cambered 
and twisted wing were only about 0.05 higher than at corresponding sta- 


tions оп the plane wing. Moreover, the increase in the maximum section 


norm&l-force coefficients with increasing Reynolds number was approxi- 
mately the same for both wings. 


The section pitching-moment data of figures 9(b) апа 10(b) indicate 
that, for most sections of the cambered and twisted wing, а large resr- - 
ward movement of the section center of pressure followed the increase in 
section normsl-force-curve slope. The same effect can be found in the 
center-of-pressure data for the plane wing in reference 3. 


In figure 11, the experimental values of span loading coeffi- 
cient слс/Сцсау at seven spanwise stations of the cambered and twisted 
wing are shown in comparison with the theoretical distributions of load- 
ing coefficient for wing lift coefficients of 0.20, 0.45, and 0.74. 
Experimental dat& &re presented for Reynolds numbers of 1,000,000, 
12,000,000, and 18,000,000 at a Mach number of 0.25. The agreement 
between the experimental and theoretical distributions of loading is 
seen to be good at the three lift coefficients. 


Effects of Mach Number at a Reynolds Number of 4,000,000 


Force and moment characteristics.- The aerodynamic characteristics 
of the cambered and twisted wing and of the plane wing at Mach numbers 
ranging from 0.08 to 0.96 for а constant Reynolds mmber of 4,000,000 
are presented in figure le. The dotted portions of the curves in this 
and the following figures indicate date which may have been affected by 
wind-tunnel choking. An explanstion of the criterions used in deter- 
mining the limits of the unaffected data is given in reference 3. "The . 
v&ristions with Mach number of the lift coefficients at constant angle 
of attack and of the pitching-moment and drag coefficients at constant 
values of lift coefficient are shown in figures 13 and 14. The effects 
of compressibility on the lifi-curve slope and the location of the aero- 
dynamic center at zero lift are shown in figures 15 and 16, respectively. 
In figure 17, the lifi-drag ratios are summarized for both the cambered 
and twisted and plane wings. 
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It may be seen from the data of figures 12(a) апа 15 that, through- 
out the entire range of Mach numbers, cambering and twisting the wing 
had little effect on the slope of the lift curves аї lift coefficients 
up to about 0.4. Also, as indicated in figures 12(b) and 16, there was 
little change in the location of the aerodynamic center, as determined 
by the slopes of the pitching-moment curves at low values of lift coef- 
ficlent, due to cambering and twisting the wing. However, at higher 
values of lift coefficient the deviations of the lift and pitching- 
moment curves of the cambered апа twisted wing from nearly linear varia- 
tions were, in general, opposite to those of the plane wing. Whereas 
the lift-curve slope of the.plane wing increased and the center of pres- 
sure moved rearward at lift coefficients between approximately 0.3 
and 0.6, the lift-curve slope of the cambered and twisted wing decreased 
and the. center of pressure “moved forward. Moreover, the severity of 
these changes in lift-curve slope and center-of-pressure location of the 
cambered and twisted wing increased with increasing Mach number until, 
at a Mach number of 0.88, increasing the angle of attack from 7° to 89 
resulted in only а small change in lift but caused an abrupt forward 
movement of the center of pressure. The angles of attack at which these 
changes occurred may be seen to have increased slightiy with Mach number. 
lt will be shown later in the report that these initial deviations of 
the lift and pitching-moment curves of the cambered and twisted wing 
from nearly linear variations were not the result of pattial separation 
of the flow over the outer sections, ав іп the cage of the plane wing, ` 
but were probably the result of a change in the boundary-layer character- 
istics associated with the SG ల of an adverse pressure gradient 
at the leading edge. 


Following the initial reduction in the 1ift-curve slope and the Bà 
forward movement of the center of pressure of the cambered and twisted 
wing, there was ап increase in the lift-curve slope and longitudinal 
stability. This increase in lift-curve slope and longitudinal stability 
apparently resulted from flow changes similar to those which caused the 
initial increase 1n lift-curve slope and longitudinal stability of the 
plane wing, namely, partial separation.af the flow with reattachment over 
the outer sections. However, the lift coefficients at which these changes 
in the slopes of. the lift and pitching-moment curves occurred were | 
from 0.3 to 0.4 higher for the cambered and twisted wing than for the 
plane wing. For both wings, the reduction іп lift-curve slope and lon- 
gitudinal stability prior to the attainment of maximum lift was the 
result of the flow separating completely over the outer sections. 


The effect on the drag of the del&y in flow separation resulting 
from the use of. camber and twist is shown in figures 12(с) and 14. From 
figure 1} it can be seen that, for lift coefficients of approximately 0.2 
and higher, the drag of the cambered and twisted wing, up to and slightly 


beyond the Mach number for drag divergence," was less than that of the 
гад divergence is defined as the point at which (ecp/eMo)cr = 0.10. 
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plane wing even though the Mach numbers for drag divergence were 
slightly reduced by camber and twist. For lift coefficients from 0.2 

. to 0.5 the drag coefficient of the cambered and twisted wing generally | 
decreased with increasing Mach number up to the Mach number at which the 
abrupt drag rise began while the drag coefficient n the Boss wing 
generally increased. 


In figure 17, it may be seen that for Mach numbers from 0.25 to 0.90 
the lift-drag ratios of the cambered and twisted wing were considerably 
higher than those of the plane wing for lift coefficients above about 0.1. 
In this range of Mach numbers the maximm lift-drag ratio was increased 
from 16 to 36 percent through the use of camber and twist. At Mach 
numbers of 0.92 and above, the maximum lift-drag ratio of the cambered 
and twisted wing was reduced to almost that of the plane wing. 


Pressure distribution and section characteristics.- The remaining 
discussion is largely given to an explanation of the sudden changes in . 
iift-curve slope and longitudinal stability of the cambered and twisted 
wing. However, a comparison is first made of several isobar diagrams 
for both wings in order to illustrate the changes in pressure distribu- 
tion that resulted from cambering and twisting the plane wing. 


In figure 18, tsobar diagrams are presented for the upper surface 
of the cambered and twisted wing and the plane wing at angles of attack 
of 3° and 4°, respectively. At these angles of attack the corresponding 
Lift coefficients for the two wings: are approximately equal, and increase 
from about 0.20 at a Mach number of 0.25 to about 0.28 at a Mach number 
of 0.92. The most apparent effect of camber and twist at these lift 
coefficients is the elimination of peak pressures at the leading edge. 
As a consequence, the locus of the minimm pressure points moved con- 
siderably rearward. At a Mach number of 0.92 the probable location of 
the shock wave (indicated by the highly positive pressure gradient) was 
more rearward in the case of the cambered and twisted wing than for the 
plane wing. 


As a means of explaining the sudden changes іп lifit-curve slope 
and longitudinal stability of the cambered and twisted wing, the section 
normal-force and pitching-moment characteristics are presented in 
figures 19 through 22 for Mach numbers of 0.80, 0.86, 0.90, and 0.92. 
Consider, for example, the section data of figure 21 obtained at a Mach 
number of 0.90 for which data are presented up to an angle of attack 
of 10°. From figures 12(а) and 12(b) it is seen that the abrupt changes 
in the slopes of the lift and pitching-moment curves occur between angles 
of attack of 7° and 89. In figure 21(a), it can be seen that up to an 
angle of attack of 7° only the two outermost sections had sustained a 
significant loss in normal-force~curve slope. The section pitching- 
moment curves of figure 21(b) indicate that up to this angle of attack 
only the section at 0.924 b/2 exhibited a sudden forward movement of 
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the section center of pressure. However, as the angle of attack was 
increased to 89, the three outermost sections showed а loss in normal 
force апа an abrupt forward movement of the center of pressure. The 
magnitude of the reductions in normal-force-curve slope and of the 
forward movements of the centers of pressure diminished at sections 
toward the root. Further increase in the angle of attack to 10° then 
resulted in an increase in the section normal-force-curve slopes for all 
sections and either a rearward movement of the section centers of pres- 
sure or a reduction in the rate of forward movement with the greatest 
changes occurring at the outer section. 


In order to illustrate the changes in the pressure distribution 
accompanying the abrupt reductions in lift-curve slope and longitudinal 


stability, the chordwise distributions of pressure are shown in figure 23 


for the angle-of-attack ranges covering the abrupt changes in slope of 
the curves. Ап examination of these pressure distributions together 
with the section data of figures 10 and 19 through 22 reveals а consist- 
ent correlation between the appearance of leading-edge pressure peaks 

at the various sections and the reductions in slope of the section | 
normal-force curves. This correlation probably is related to the ехрег- 
imental result reported in reference 10 that some NACA б-вегіев cambered 
airfoils exhibit a reduction in lift-curve slope at the end of the low- 


drag range. 


The pressure distributions presented in figure 23 reveal that, at 
Mach numbers of 0.60.and 0.80, no pronounced changes in the flow pat- 
tern occurred with the formation of the leading-edge pressure peaks. At 


Mach numbers of 0.86,.0.90, and 0.92, the pressure distributions inditate 


that a shock weve existed on the upper surface. The position of the | 
shock wave is indicated to have moved forward suddenly with the develop- 
ment of large adverse pressure gradients near the leading edge. It may 
be observed that this forward movement diminished toward the root and 
was accompanied, generally, by an increase in the flow separation. at 

the trailing edge. 


The sudden changes in the shock-wave position are probably asso- 
ciated with the abrupt forward movement of. the point of transition from 
laminar to turbulent flow in the boundary leyer. In reference 11 it was 
reported that the chordwise location of а shock wave moved considerably 
forward when the point of transition was artificially positioned at the 
leading edge with roughness. If the point of transition from laminar to 
turbulent flow were naturally shifted far forward through the action of 
an adverse pressure gradient, the same resultant effect on the position 
of the shock wave could be expected. This was apparently the case in 
the present investigation. - 


Further credence to this explanation of the boundary-layer shock- 
wave interaction can be obtained from a consideration of the types of 
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pressure recovery shown in the pressure distributions of figure 23. It 
has been shown in reference 12 that marked differences in the shock-weve 
pattern and in the pressure distribution in the region of the shock wave 
exist between the cases of laminar flow and turbulent flow in the bound- 
ary layer immediately ahead of the shock wave. From figure 23, it may 
be noted that the pressure recovery at the outer four stations before 
the forward movement of the shock wave occurred was gradual at first and 
then more abrupt. This type of pressure recovery is generally associ- 
ated with a laminar boundary layer ahead of the shock wave as is stated 
in reference 12. At the more forward position of the shock the pressure 
recovery took place more abruptly without а gradual initial compression 
and was similar to that associated with a turbulent boundary layer ahead 
of the shock wave. 


The reduction in the forward movement of the shock wave at sections 
near the root may have resulted from the boundary layer having been 
turbulent in the region of the shock wave at these sections prior to the 
formation of adverse pressure gradients at the leading edge. At the 
extreme wing root the boundary layer was probably turbulent from the 
leading edge at all angles of attack ав a result of the spreading onto 
the wing of the turbulent boundary layer from the tunnel Ploor. 


Effects of jurface Roughness 


In order to demonstrate the validity of the conclusions mentioned 
in the foregoing section with regard to the boundary-layer shock-wave 
interaction, the cambered and twisted wing was tested with surface 
roughness at and near the leading edge. If the sudden forward movement 
of the shock wave were the result of a change from laminar to turbulent 
flow in the boundary layer ahead of the shock wave, it was thought thai 
fixing the point of transition by disturbing the flow in the boundary 
layer with roughness at or near the leading edge would stabilize the 
shock location and eliminate the abrupt changes of slope of the force 
and moment сътуев. 


The results of tests of three configurations with varying locations 
of surface roughness are presented in figure 2h. Two configurations had 
roughness around the leading edge from 5 percent of the chord on the 
lower surface to 4 percent of the chord on the upper surface, one along 
the entire semispan and one along the outer 60 percent of the semispan. 
The third configuration had a l-inch-wide roughness strip applied to 
only the upper surface with the forward edge at 10 percent of the chord 
and extending over the outer 60 percent of the semispan. The application . 
of roughness to only the outer 60 percent of the semispan in two cases 
was based on the pressure distributions which show that the forward shock- 
wave movement diminished rapidly inboard of 40 percent of the semispan. 
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From the force and moment data presented in figure 2l it ів appar- 
ent that, in general, the results expected with the use of surface 
roughness were obtained. While there still remained а sudden small 
forward movement of the wing center of pressure at some Mach numbers  . 
with roughness over only the outer 60 percent of the semispan, ali trace 
of this effect was eliminated with roughness over the entire semispan. - 
Moréover, &t & Mach number of 0.93, roughness over only the outer 
60 percent of the semispan wes sufficient to completely remove the 
abrupt changes of slope of the lift, drag, and pitching-moment curves. 
Roughness at 10 percent of the chord was apparently only slightly less 
effective than roughness at the leading edge. 


These results of the use of surface roughness provide verification 
of the explanation of the boundary-layer-transition phenomena put forth 
in the preceding section, but do not necessarily simulate data obtained 
at a higher Reynolds number. 


CONCLUSIONS 


An investigation has been made of the effects of scale and compres- 
sibility on the aerodynamic characteristics of a cambered and twisted 
wing having the quarter-chord line swept back 45° and an aspect ratio 
of 3.0. The results of the tests and a comparison of the force, moment, 
and surface-pressure data with those obtained on а plane wing of the 
same plan form and thickness distribution indicate the following conclu- 
sions: 


1. The general effect of camber and twist on the aerodynamic char- 
acteristics of the wing was to delay to higher lift coefficients the 
onset of flow separation over the outer portions of the wing near the 
leading edge and the concomitant effects on the lift, drag, and pitching 
moment. The principal result was a substantial increase in the lift- 
drag ratios at and above the design lift coefficient of the cambered and 
twisted wing at a Reynolds number of 4,000,000. 


2. The general effect of increasing Reynolds number on the cambered 
and twisted wing at Mach numbers of 0.25 and 0.60 was to increase 
slightly the lift coefficient at which the sudden increase in lift-curve 
slope, longitudinal stability, and rate of drag rise occurred. Іпсгеав- 
ing the Reynolds number above 6,000,000 at a Mach number of 0.25 resulted 
in a reduction in the maximum lift-dreg ratio of the cambered and twisted 
wing and an increase in the maximm lift-drag ratio of the plane wing. 


3. At а Mach number of 0.25, the maximum values of section normal- 
force coefficient at the outer sections were only slightly increased by 
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camber. These maximum values were found to increase approximately the 


"ваше ‘amount with Reynolds number for both wings. 


lh. At а Reynolds number of 4,000,000, increasing the Mach number 
at low Lift coefficients resulted in approximately the ваше increases 
in lift-curve slope and longitudinal stability for both wings. However, 
the maximum lift-drag ratios of the cambered and twisted wing were 
from 16 to 36 percent higher than those of the plane wing for Mach num- 
bers up to 0.90. The Mach numbers for drag divergence were slightly 
reduced ‘by camber and twist at Lift coefficients up to 0.5. 


5. Prior to the initiation of flow separation on the cambered and 
twisted wing at the lower Mach numbers, there were gradual reductions 
in the lift-curve slopes and longitudinal stability. Тһе severity of. 
these changes increased with Mach number, becoming abrupt at Mach numbers 
of 0.88 and above. 


6. There was found.to be a consistent correlation between the 
appearance of the leading-edge pressure peaks at the various sections 
of the cambered and twisted wing and the reduction in section normal- 
force-curve slope and forwerd movement of the section centers of ргев- 
sure. At the higher Mach numbers the pressure distributions indicated 
that there was ап abrupt forward shift in the location of the shock wave 
at the outer sections associated with the formation of the adverse pres- 
sure gradient at the leading edge. 


Т. The use of surface roughness along the leading edge to fix the 
point of transition from laminar to turbulent flow in the boundary leyer 
was effective in eliminating the sudden changes of slope of the force 
and moment curves at the higher Mach numbers. 


Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 
Moffett Field, Calif. 
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TABLE I.- COORDINATES FOR THE МАСА 64A410 AIRFOIL SECTION 


[А11 dimensions in percent of chord] 












Wer eta 


Station | Ordinate | Station 
О О О О 





95.053 | 1.028 
100.002. 4021 


L. Е. radius: 0.687 
T. E. radius: 0.023 
Slope of radius through L. E.: 0.190 
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TABLE II.- COORDINATES FOR SECTIONS PARALLEL m bo^ epe 
TO THE PLANE OF SYMMETRY Jeep 


[А11 dimensions in percent of chord] 


Upper surface Lower surface 


0 0 А 0 0 
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TABLE Tit.~ INDEX OF TABULATED PRESSURE COEFFICIENTS 


το (8° я 10°) 
5° (69 to 99) 
39 (MO +o 59) 
19 (29 to 19) 
(-29, 1° to 59) 
6° 


NAA 


SParentheses indicate angles of attack for which 
the pressure data may have been influenced by 
model-tunnel-w&ll shock-wave interaction. 
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TABLE IV.- CONTINUED 
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TABLE V.- PRESSURE COEFFICIENTS AT SEVEN SPANWISE 
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Figure /,-Projected plan form of the cambered and twisted wing on the plane of the leading edge and the 
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Figure 3.— The model mounted in the Ames l2—foot pressure wind tunnel 
and a sample of the surface roughness applied to the wing. 
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Ё; igure 4,—The effect of Reynolds number on the low-speed aerodynamic characteristics. My, 0.29. 
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Figure 6.— The effect of Reynolds number on the lift-drag ratios at Mach - 
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Figure 7.-The variation of the drag due fo lift with lift coefficient squared 
for several. Reynolds numbers at Mach numbers of 0.25 and 0.60. 
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Figure 12.- Тв effect of Mach number on the aerodynamic characteristics. R, 4,000,000. 
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и Figure /3.—The variation of the lift and pitching-momen? coefficients 
of the cambered and twisted wing with Mach number. R, 4 000,000. 


- jw 


156 . | БИСЕР” МАСА RM А52р22 | 


LIT TT το ole తత తత ШЕ Ж I i 
| | Drag πα KL Μη νι 


—— Cambered, twisted wing] | | | | 
cet — Plane wing 


ШЕ === 

BS ШЕШ! ЖИ τας БЕ ПИ БЕ ШЕ ШЇ ШЕ Б ПЫ w В w wi 

БИШ Ж ШЕ ЖЕЕ ЭЕ ПИШ κα ЕЕЕ 

EI ШЇ ШЕ ЖШ Б ШЕ ШШШ ES 

tt 
E 


Drag coefficient, Ср 





:Q CLT E E E 
BCE | 
ο 74 2 .3 4 . 6 7 8 .9 LO 
Mach number, M, 
Figure /4,—The variation of the drag coefficient with Mach number. 
А, 4,000,000. 


n ق‎ 


NACA RM A52D22 ο ασ... 157 
JO 


24 
‚ да 
O 
Q 
gw 
κ 


Бий 一 


O 
бу 


Lift-curve slope 
© 
A 





ο af "a 3 4 „2 6 af: .8 9 LO 
Mach number, M, 


Figure /5.-The variation of the lift-curve slope af zero lift with Mach 
number. R, 4,000,000. 
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Figure /6.—-The variation of the position of the aerodynamic center at 
zero lift with Mach number. R, 4,000,000. 
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—The effect of Mach number on the lift-drag ratios. R, 4,000,000. 
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Figure 18.-Тһе lines of constant pressure coefficient on the upper surface of the cambered and twisted wing and the 
plane wing а? the same lift coefficients for several Mach numbers, R, 4,000,000. 
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Figure 18.~Concluded. 
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Figure [9.-The section normal-force and section pitching-moment coefficients at seven 
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Figure 20.-The section normal-force and section pitching-moment coefficients at seven 


spanwise stations of the cambered and twisted wing. M,, 0.86; А, 4,000,000. 
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Figure 20.-Concluded. 
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Figure 2/.— The section normal-force and section pitching-moment coefficients at seven 


4,000,000. 


0.90; R, 


spanwise stations of the cambered and twisted wing. M,, 


155 


156 






 LLLLLLLLLLLJ:. 
PTT TT TT иу: 

ЕКСА [I| 

ГРЕК | 
ССС А | 

pens 

mamawas 
К l] | j ` 
жиквеланения 
ШШЕ J СҮ ШЕ МЕНШЕ αι 
| LLLALLELLLL. 


port И И ШЇ ШШ 










-04 -08 -/2 -/6 (for 7*0.086) 


Section pliching-moment coefficient, Gp 


S о © = N > M 


мч 
и) 4002143002 8240J-[Du40U UOHIES 


RALLIES A . 


(Bb) С, VS Ср 


NACA RM A52D22 


Figure 2/.- Concluded. 
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Figure 22.-The section normal-force and section pitching-moment coefficients at seven 


spanwise stations of the cambered and twisted wing. М, 0.92; R, 4,000,000. 
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Figure 23.-The chordwise distribution of pressure coefficient at seven spanwise stations of the cambered and twisted 
wing for several angles of attack. ñ 4000000, 
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Figure 23.—Confínued. 
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Figure 23.—Continued. 
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Figure 23.-Concluded. 
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Figure 24.-The effect of surface roughness on the aerodynamic characteristics of the 


cambered and twisted wing at several Mach numbers. R, 4,000,000. 
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